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Hemodynamic and Metabolic evidence of salt sensitivity in spon-
taneously hypertensive rats. Sixteen female Wistar Kyoto (WKY)
and 16 female spontaneously hypertensive rats (SHR) were stud-
ied hemodynamically and metabolically after prolonged (3
months) high sodium intake. Eight rats of each strain were given
tap water to drink and served as controls, and another eight rats
of each strain received 1% sodium chloride in tap water. Hemo-
dynamic and metabolic evaluation disclosed that high salt intake
by the WKY rats increased their cardiac index, oxygen con-
sumption, and urinary sodium excretion; decreased body weight,
total peripheral resistance index, oxygen extraction, and plasma
renin activity; and had no effect upon mean arterial pressure,
heart rate, fluid intake, urine volume, and potassium excretion.
In contrast, high salt intake by the SHR increased their mean
arterial pressure, total peripheral resistance index, fluid intake,
urinary volume and sodium excretion; decreased plasma renin
activity; and had no effect upon heart rate, cardiac index, and
urinary potassium excretion. Salt-treated SHR rats had signifi-
cantly higher fluid intake than their WKY counterparts had. The
elevated arterial pressure and peripheral vascular resistance
demonstrate an increased sensitivity to dietary salt in SHR but
not in corresponding WKY controls. The further elevation of ar-
terial pressure by salt in the SHR was due mainly to a further
increase in vascular resistance.
Preuves hémodynamique et métabolique de La sensibilité au sel
chez les rats spontanément hypertendus. Seize rattes Wistar
Kyoto (WKY) et 16 rattes spontanément hypertendues (SHR)
ont été étudiées des points de vue hemodynamique et métabo-
lique après un apport dievé de sodium maintenu pendant 3 mois.
Huit rats dans chaque groupe WKY et SHR ont eu de l'eau du
robinet et ont servi de contrOle alors que les autres avaient du 1%
sodium chloride dans l'eau du robinet. L'étude hemodynamique
et métabolique a montré que chez les animaux WKY soumis a
l'apport élevé de sodium l'index cardiaque, Ia consommation
d'oxygène et l'excrétion urinaire de sodium augmentent alors
que le poids corporel, l'index de résistance periphdrique totale,
l'extraction d'oxygene et l'activité rénine plasmatique dimin-
uent. Ii n'y a pas d'effet sur Ia pression artérielle moyenne, la
frequence cardiaque, l'ingestion de liquide, le debit urinaire et Ia
kaliurese. Au contraire, l'apport de sodium élevé chez SHR aug-
mente Ia pression artérielle moyenne, l'index de résistance pé-
nphérique totale, l'ingestion de liquide, le debit urinaire et
l'excrétion de sodium. Ii diminue l'activité refine plasmatique et
n'a pas d'effet sur l'index cardiaque et Ia kaliurèse. Les SHR
soumis au sel ont une ingestion de liquide significativement supé-
rieure a celle de leurs homologues WKY. La pression artérielle
et Ia résistance périphérique élevées démontrent l'augmentation
de Ia sensibilité au sodium alimentaire chez SHR mais non chez
les contrôles WKY. L'élévation supplémentaire de Ia pression
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artérielle par le sel chez SHR est dUe essentiellement a un ac-
croissement supplementaire des resistances vasculaires.
High sodium intake has been implicated in the de-
velopment of hypertension in both animals and man
[1—5], and has been reported to accelerate spontane-
ous hypertension in rats [6-101. In a previous study,
we demonstrated that long-term (7 months) high so-
dium intake aggravated the hypertension of SHR by
elevating peripheral vascular resistance [111. A sim-
ilar response to sodium was reported by Tobian,
Ganguli, and Dahl [121 for the salt-sensitive rat of
the Dahl strain, whereas the resistant control strain
of rats responded with vasodilation, increased car-
diac output, and no change in blood pressure. To
determine whether the normotensive genetic ances-
tor of the SHR, the Wistar Kyoto (WKY), is also
salt resistant or whether the two strains would re-
spond similarly to increased sodium intake, we per-
formed hemodynamic and metabolic measurements
on awake rats of both strains after exposure to high-
salt intake for 3 months.
Methods
Thirty-two female rats were divided into four
groups as follows: group I (eight WKY rats) was
given tap water and served as controls for their
WKY group; group 2 (eight WKY rats) was given
1% sodium chloride in tap water; group 3 (eight
SHR) was given tap water only and served as SHR
controls; group 4 (eight SHR) was given 1% sodium
chloride in tap water. Fluids were administered
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ad lib for all rat groups. The rats in all groups were
3 months old at the beginning of the study and were
followed for the next 3 months, while receiving the
above fluid intake regimens. Placing the animals in
single metabolic cages, we measured fluid intake,
urine output, and electrolyte excretion twice before
termination of the study, and we averaged the val-
ues. During the metabolic studies, the animals had
access only to their respective fluids to eliminate
the effects of food on the metabolic studies.
At the end of the final metabolic study, while the
animals were unanesthetized and unrestrained, we
performed hemodynamic evaluation using the di-
rect Fick method [13, 14]. In brief, with the animals
under ether anesthesia, the right carotid artery and
right ventricle (through the right jugular vein) were
cannulated with polyethylene tubing for determina-
tion of mean arterial pressure (MAP) and arteriove-
nous oxygen difference (A-V0.,). Blood oxygen con-
tent was measured by the oxygen electrode method
[151. Three hours after surgery and recovery from
anesthesia, placing the animals into a closed system
attached to a Warren-Collins spirometer, we per-
formed the hemodynamic studies. Oxygen con-
sumption (Qoz) was measured for 45 mm. Cardiac
output (CO) was determined by dividing oxygen
consumption by the A-V02. Cardiac index (CI) was
calculated by dividing the output by body weight(kilograms). Total peripheral resistance index
(TPRI) was calculated by dividing mean arterial
pressure by the cardiac index. Upon completion of
the hemodynamic studies, we withdrew blood
through the indwelling catheters for determination
of serum creatinine concentration (by autoanalyzer)
sodium and potassium electrolyte concentration (by
flame photometry), and plasma renin activity (PRA)
(by radioimmunoassay) [161. Data from control and
salt-loaded rats were analyzed using Student's t test
for comparing independent or unpaired samples.
The cardiac index and total peripheral vascular re-
sistance index were analyzed instead of cardiac out-
put and total peripheral vascular resistance, as it
was indicated by the Bartlett's test of analysis of
variance.
Results
Hemodynamic studies. The WKY rats receiving
1% sodium chloride in tap water did not grow as
much as did their control counterparts and at the
end of observation were significantly lighter (P <
0.001). Despite their smaller size, however, they
had higher cardiac output and oxygen consumption
than did their WKY control rats (P < 0.05). Their
mean arterial pressure increased but not significant-
ly, because the high cardiac output resulted in a sig-
nificant decrease in peripheral vascular resistance
and oxygen extraction (P < 0.05). There was no sig-
nificant difference between the two WKY groups
with respect to heart rate and hematocrit. In con-
trast, the salt-loaded SHR rats developed higher
mean arterial pressure (P < 0.005) and total periph-
eral vascular resistance, compared to their controls
(P < 0.05) and there was no significant difference
between the two SHR groups with respect to body
weight, heart rate, cardiac output, oxygen con-
sumption, oxygen extraction, and hematocrit (Ta-
ble 1).
Metabolic studies. The WKY rats receiving ex-
cess (1%) sodium chloride in tap water excreted
more sodium, six times as much (P < 0.005), and
had suppressed PRA (P < 0.05) as compared to
their WKY controls (Table 2). There was, however,
no significant difference between the two WKY
groups with respect to fluid intake, urinary output,
and urinary potassium concentration; and serum so-
dium, potassium, and creatinine concentrations.
Table 1. Hemodynamic changes induced by high salt intake in female WKY and SHR ratsa
WKY rats SHR rats
Control 1% Salt P Control 1% Salt P
Weight, g 239 9 195 5 <0.001 221 8 225 3 NS
MAP, mm Hg 118 4 125 3 NS 173 8 207 4 <0.005
HR, beat/mm 398 10 401 12 NS 399 10 407 7 NS
CI, mI/mm/kg 349 17 580 101 <0.05 426 57 367 24 NS
TPRI, ,nm Hg/nl/mmn/kg 0.347 0.027 0.245 0.027 <0.02 0.437 0.045 0.579 0.041 <0.05
Q0,, mI/mm/kg 24.2 1 28.6 1 <0.01 29.3 2.1 32.0 2 NS
A-V0,, vol. % 7.1 1.3 5.6 0.6 <0.01 7.4 0.8 8.9 0.7 NS
Hct, vol. % 50.6 1.3 52.1 2.9 NS 48.6 1.5 51.5 6 NS
a Values are the mean SEM. Abbreviations are MAP, mean arterial pressure; HR, heart rate; CI, cardiac index; TPRI, total
peripheral resistance index; Q0,, oxygen consumption; A-V0.,, arteriovenous oxygen difference: and Hct, hematocrit.
Salt sensitivity in SHR 35
Table 1. Metabolic changes induced by high salt intake in female WKY and SHR ratsa
WKY rats SHR rats
Control 1% Salt P Control 1% Salt P
Fluid intake, ml/24 hr
Urine output, ml/24 hr
Blood chemistries:
Sodium, mEq//iter
Potassium, mEq/liter
Creatinine,mg/IOOmI
PRA, ng/,nl/hr
Electrolyte excretion:
Sodium, mEq/24 hr
Potassium, mEq/24 hr
14 2
11 1
136.0 0.5
4.8 0.1
0.70 0.04
5.8 1.5
0.40 0.05
0.56 0.04
25 6
18 5
135 I
4.5 0.2
0.80 0.03
1.1 0.3
2.21 0.46
0.45 0.04
NS
NS
NS
NS
NS
<0.05
<0.005
NS
14.3 1.1
12.0 1.7
137.0 0.5
5.2 0.1
1.00 0.08
8.9 1.6
0.57 0.13
0.86 0.14
93
77.0
137.0
4.5
1.20
0.8
23.2
1.5
8.1
5.8
0.5
0.2
0.06
1.2
10.4
0.6
<0.001
<0.001
NS
NS
NS
<0.005
<0.01
NS
a Values are the mean SEM. PRA is plasma renin activity.
The SHR rats receiving 1% sodium chloride in tap
water, on the other hand, had a greater fluid intake
and urine output (P < 0.001) and sodium excretion,
40 times as much (P < 0.01), than had their SHR
controls. They also had suppressed PRA (P <
0.005). There was no significant difference between
the two SHR groups with respect to serum sodium,
potassium and creatinine concentration, as well as
urinary potassium excretion. When tapwater-treat-
ed WKY and SHR rats were compared between
groups, there was no significant difference in fluid
intake, urine output, blood chemistries, PRA, or
electrolyte excretion (Table 2). When the two salt-
loaded groups, WKY and SHR, were compared,
however, the SHR consumed more fluid and ex-
creted more urine and sodium (P < 0.001). When
the fluid intake was expressed as ratios to their
body weight, the SHR exposed to 1% sodium chlo-
ride in tap water consumed more fluids per gram of
weight than the respective WKY rats (0.41 0.03
vs. 0.13 0.03; P < 0.001) did.
Discussion
This study confirms our previous observations
[111 that increased salt intake accelerates the pres-
sure elevation in SHR by increasing total peripheral
resistance. Among the possible mechanisms ad-
vanced by other investigators are increased sodium
content and waterlogging of the arteriolar wall [17],
enhanced sensitivity of arteriolar smooth muscle to
autonomic influences [18, 191, or structural changes
of the arteriolar walls [20, 211. Thus, the SHR, a rat
strain which is often considered as the prototype of
neurogenic hypertension [22, 23], shares salt sensi-
tivity with other rat strains considered as proto-
types of sodium-dependent [24, 25] and volume-de-
pendent [261 hypertensions. On the other hand, nor-
motensive WKY rats were resistant to the pressure-
elevating effect of salt and responded with an in-
creased cardiac output and a decreased vascular re-
sistance. Similar observations have been reported
for salt-resistant rats (Dahi strain) [12] and for nor-
motensive man exposed to high salt intake [27, 28].
This effect of salt may be mediated through en-
hanced vascular sensitivity, leading to vasocon-
striction and further elevation of total peripheral
vascular resistance, as in humans with hypertension
who are exposed to high salt intake [28]. It has been
demonstrated that salt-sensitive rats of the Dahl
strain, exposed to high salt intake, fail to decrease
their vascular resistance compared to the salt-resis-
tant strain [291. Also, sodium kinetic studies in rats
fed high-sodium diets have shown an early sodium
concentration in the arteriolar wall which precedes
the elevation of arterial pressure [30]. The role of
the renin-angiotensin system in aggravating sponta-
neous hypertension cannot be excluded since the
suppressed renin levels could be inappropriately
elevated for the markedly increased sodium intake.
The renal hemodynamics by which sodium and po-
tassium balance is maintained in salt-sensitive and
salt-resistant rats may differ since papillary flow has
been reported to be increased by salt loading in nor-
motensive controls but decreased by the same treat-
ment in salt-sensitive Dahl rats and SHR [31].
These data could mean that normotensive rats elim-
inated excess salt by increasing renal papillary flow
without disturbing systemic hemodynamics; in con-
trast, the SHR achieved this end by increasing arte-
rial pressure, leading to pressure natriuresis. The
insignificant increase in arterial pressure in the salt-
treated WKY rats, despite an elevated cardiac in-
dex, was attributed to a decrease in peripheral vas-
cular resistance index. It has been postulated that
with salt and water excess the resulting increase in
cardiac output may in turn increase vascular resis-
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tance caused by autoregulation [32]. Tn the present
study, high salt intake by WKY rats resulted in an
18% increase in oxygen consumption, just as Katz,
Borut, and Same had found [33], but the cardiac
index increased by 66% and A-V02 was reduced.
Thus, although the cardiac output may have been
inappropriately high for the levels of oxygen needed,
an increase in vascular resistance as observed
in the SHR did not occur. Although total body
autoregulation does not always explain the rise
in arterial pressure, caution should be exercised
in interpreting the hemodynamic differences be-
tween these two strains of rats because fluid and
sodium intakes were significantly higher in the hy-
pertensive strain and there was a concurrent de-
crease in the pressor effects of the renin-angiotensin
system. These studies support the thesis that the
hemodynamic consequences observed following
paired feeding of salt to both strains will be of inter-
est. The observed increase in salt appetite by the
SHR has also been reported by other investigators
[34, 35] and is similar to that occurring in patients
with essential hypertension [36].
This study therefore has documented and extend-
ed previous observations concerning the effect of
salt on arterial pressure and has provided hemo-
dynamic evidence, so far lacking, regarding the he-
modynamic mechanism by which sodium aggra-
vates preexisting hypertension in the spontaneously
hypertensive rat.
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